Abstract: Pedunculate oak (Quercus robur L.) is an important component of temperate forests in the northern hemisphere. It occurs naturally across Europe and in parts of North Africa, the Balkans, the Urals and the Caucasus. In Poland, it predominantly grows on the plains at ≤700 m a.s.l. The main objective of this study was to determine how different temperature-humidity growth conditions influence dormancy breakage and epicotyl emergence in Q. robur, using growth curve models. We also investigated whether these differences result from changes in the climatic conditions under which the oak populations grow naturally. In this study, we selected four pedunculate oak stands in western and eastern Poland. These sites were characterised by oceanic and continental climates, respectively. Mature acorns were collected in the autumn of 2016 and pretreated for two weeks in the cold (4 °C). The acorns were then sown in plastic pots filled with a peat/sand substrate. Four climatic variants (cold-dry, cold-wet, warm-dry and warm-wet) and a control (average conditions) were used. Epicotyl emergence was monitored daily for 74 days. Epicotyl emergence dynamics (maximum absolute growth rate, lag time, T 50 ), number of days to epicotyl emergence, and cumulative epicotyl emergence were measured or calculated. The acorns from oceanic climates required more intense warm humid conditions for epicotyl emergence than those from continental climates. In contrast, acorns from continental climates had an evolutionary advantage in that their epicotyl emergence occurred both in cold-dry and warm-wet seasons. This indicated that each population was adapted to its local environment.
Introduction
The genus Quercus consists of 400 species taxonomically divided into three groups: red oak, white oak, and intermediate groups. The red oaks are found only in the western hemisphere, whereas the white oaks are widely distributed across the northern hemisphere. Many oak species occur in arid regions. Pedunculate oak (Q. robur L.) grows on heavier soils in continental climates and on wet lowlands and damp areas alongside streams and rivers; it tolerates periodic flooding (Eaton et al., 2016) . Quercus robur has a wide climatic amplitude and grows well under oceanic and continental climate conditions. It is found further to the east, north, and south than Q. petraea.
Q. robur is an economically and ecologically important species in Europe (Annighöfer et al., 2015) . Pedunculate oak in Europe has relatively few seed yield periods (Kantorowicz, 2000) because of the energetic expense associated with acorn production. Weather conditions during blooming and seed formation significantly influence seed yield intensity and progeny adaptability. An objective of the present study was to elucidate the adaptive changes in Q. robur and the relationship between its reproductive patterns and the environment. The biological properties of seeds depend on individual traits of trees as well as biotic and abiotic factors (Shelton & Cain, 2000; Hilli et al., 2008) . Temperature and water supply substantially affect seed formation and germination (Sahlén & Bergsten, 1994) .
In Poland, Q. robur occurs on the lowland. The maximum elevation is 400-500 m a.s.l. At the highest altitudes, Q. robur is deformed and grows poorly. In Poland, this species is mainly found on the Krotoszyn Plateau and in Lower Silesia, Odra Valley, and Lublin region. Oak species (Q. robur and Q. petraea) occur on less than 10% of the forested area in Poland (Anonymous, 2018) From the ecological and economical point of view oaks are the most important deciduous tree species after European beech (Fagus sylvatica L.) and birch (Betula pendula Roth.). The future role of this species will be increasing with forecasted climate change (Franklin et al., 2016) . Unfortunately, the oaks in Central Europe seldom regenerate naturally. The reasons for this variability in natural oak regeneration are poorly understood despite intensive study (Ligot et al., 2013) . One possible explanation is that the weather conditions are inappropriate and unsuitable for oak seed germination and tree regeneration.
Seed germination is a critical step in the plant life cycle; it determines their spread, evolution, and seasonal changes (Norden et al., 2009; Mondoni et al., 2012) . The most favourable period for seed germination vary with species and geographic distribution (Vranckx & Vandelook, 2012) . Therefore, the study of seed behaviour in response to climate change is essential to understanding how and why it influences plant recruitment and species distribution (Donohue et al., 2010) . Trait-based approaches have improved our understanding of plant evolution, community assembly, and ecosystem functioning (Saatkamp et al., 2019) .
Dormancy facilitates spatiotemporal seed dispersal and may be induced by physical, mechanical, or chemical inhibition. Dormancy may temporally redistribute germination because environmental factors may be required to break dormancy (Bewley et al., 2013) . Dormant seeds may be dispersed over long distances by wind, water, and animals; thus, seed dormancy could contribute to spatial distribution. Q. robur acorns are generally considered to be nondormant. In white oak (subgenus Lepidobalanus), the components of the embryonic axis in the acorn differ in terms of depth of physiological dormancy. In mature acorns, the radicle is nondormant, but the epicotyl is dormant (Baskin & Baskin, 2001 ). Radicles emerge from the acorns immediately following autumn dispersal and taproots develop in autumn and early winter (Olson, 1974) . In contrast, cold stratification is required to break acorn epicotyl dormancy (Farmer, 1977) .
Germination (radicle and epicotyl emergence) is evaluated as the cumulative fraction of seeds CG(t) geminating up to day t. These data are best represented by Richards family sigmoidal growth curves, characterised by an initial slow growth phase, followed by rapid growth reaching a maximum rate at the inflexion point. In the final stage, the growth rate decreases and converges to the upper asymptote. The perfect growth model should have the following features: 1. Parameters that can be directly interpreted empirically and affect only one shape characteristic (Tjørve & Tjørve, 2010 , 2017a , 2017b . This feature facilitates interpretation and supports the calculation of approximate standard errors or confidence intervals using statistical software. Initial parameter values must be entered when determining them using statistical software. However, it is difficult to estimate the initial values of these parameters if they have no biological significance (Zwietering et al., 1990) . 2. Include parameters with the same significance in each applied model (Tjørve & Tjørve, 2010 , 2017b . This facilitates comparison of the estimated parameters between models and datasets. These features apply to Richards family models. In recent years, Tjørve and Tjørve (2010 , 2017a , 2017b analysed them and proposed a family of unified sigmoidal growth models. In the present study, we implemented this approach but identified the essential parameters in each model, which account for epicotyl emergence dynamics. We focused on: 1, lag time (lag phase)-delay in the onset of epicotyl emergence; 2, slope at inflexion-absolute maximum germination rate; 3, time at inflexion; 4, T 50 -time at which 50% of the epicotyls emerge from the acorns; and 5, final proportion of epicotyl emergence proportion (epicotyl emergence capacity; upper asymptote).
In the present study, we aimed to demonstrate via growth curve models that different temperature-humidity growth conditions can influence dormancy breakage and epicotyl emergence dynamics. Additionally, we aimed to determine whether these differences are caused by the climatic conditions in which the oak populations grow. Another objective was to examine the variations in ecological amplitude width within populations of the same species growing under different climatic conditions. The findings of this study could have serious implications in terms of oak forest management, particularly in seed transfer and natural tree regeneration under the changing climate.
Methods

Study area
Four seed stands (two main and two auxiliary) were selected in Krotoszyn (KROT-51°39'N, 17°30'E) and Strzelce (STRZE-50°57'N, 23°51'E) in western and eastern Poland, respectively. The auxiliary stands were located near the main stands and were used in the case seed yields were low in the main stands. The annual average temperature in both study areas was 9.0 °C. It approaches 15 °C during the growing season (April-September) and 12.5 °C during the epicotyl development phase (April-June). The annual precipitation ranges from 532 mm (KROT) to 550 mm (STRZE). According to the Köppen and Geiger climate classification system (Kottek et al., 2006) , KROT has a temperate oceanic climate (Cfb) with cool summers and warmer winters than other climates at this latitude. STRZE has a warm-summer humid continental climate (Dfb). Both seed stands had excellent phenotypic traits and belonged to one of the best Q. robur populations in Poland.
Acorn collection and preparation
Mature acorns were collected from the forest floor in the autumn of 2016 and originated from ten parent trees per main study area. A total of 3.82 kg (692 acorns) were collected from KROT and 5.39 kg (866 acorns) were collected from STRZE. After harvest, the acorns were stored in paper bags at 4 °C for two weeks. Since the number of acorns was small, we tested seed viability before the experiment. Acorns were placed in sand and germinated at 20 °C for two weeks. Only acorns with visible radicles (length > 2-3 mm) were used in the subsequent experiments. Thereafter, acorns from each parent source were mixed and sown separately in plastic pots, which were then placed in growth chambers. Only one variant was tested per growth chamber. For each experiment, acorns were placed in 14 cm (height) × 9 cm (width) × 9 cm (length) plastic pots filled with peat/ sand substrate (2:1 ratio). Each pot was designated with a code (variant/origin/number of parent trees/ number of acorns). Each variant consisted of 60 seeds per population. The initial number of acorns for all variants was 600.
Epicotyl emergence experiment
Here, the epicotyl emergence rate and total epicotyl emergence for different oak populations were determined under controlled conditions in growth chambers. The study was conducted at the Forest Research Institute from January to March 2017. Four variants (P1, P2, P3, and P4) and the control (P0) were prepared (Table 1 ) and epicotyl emergence was simulated under various climatic conditions. Temperature and precipitation characteristic of April (Stage 1), May (Stage 1), and June (Stage 3) were simulated under gradients of deviation (plus/minus) from the average conditions for these months (control). Stages 1 and 2 lasted 30 days and Stage 3 lasted two weeks. Precipitation was simulated by varying the amount of water used for irrigation which was calculated based on the average precipitation rates in KROT and STRZE (P0). We determined the volume of water (in millilitres) per pot per 24 h required to maintain the control level. For the other variants, dry (P1 and P2) and wet (P3 and P4) growth conditions were simulated for April, May, and June. Epicotyl emergence was monitored daily for 74 days and the number of post-germination days to epicotyl emergence was recorded. Epicotyls were considered to have emerged when the epicotyls were visible outside the pericarp. The experiment was terminated when no further epicotyl emergence was recorded.
Statistical analysis
Growth models
The logistic, Gompertz, and Richards growth models were applied in this study, with each model having two parameterisations. One considered the maximum absolute growth rate (µ i form) and was proposed by Ukalska and Jastrzębowski (2019) , and the second considered lag time (T λ form) and was proposed by Zwietering et al. (1990) . T 50 was calculated using the formulas in Table 2 .
Growth curves were estimated by the nonlinear least squares method according to the Levenberg-Marquardt algorithm (Marquardt, 1963) . As the nonlinear least squares method is iterative, the appropriate initial values must be chosen for the model parameters so that the algorithm converges. To determine the crude initial values, a scatterplot of the growth data was applied to all tests, variants, and populations.
In nonlinear regression models, the nonlinear least squares estimators must be as effective as those for linear regression models. The estimators should be unbiased, normally distributed, and achieve the lowest variance. Nonlinear behaviour in model parameters is undesirable because the parameter estimates and their standards errors will be biased and cause erroneous inferences (Ratkowsky, 1983 (Ratkowsky, , 1990 . Ratkowsky (1983) proposed the term "close-to-linear" for model estimators with the desired properties. To verify whether estimator behaviour is "close-to-linear", linearity measures such as Box's bias (b) (Box, 1971 ) and Hougaard's skewness (h) (Hougaard, 1982 (Hougaard, , 1985 were used.
For the "cold" variants (P1 and P2), sigmoidal growth curves were not fitted because epicotyl emergence was <30% and did not reach the inflexion point. The dataset to which the growth curve model Table 2 . Parameterisations of sigmoidal growth models.
CG(t): expected cumulative percentage germination at time t; A:
upper asymptote (theoretical maximum for CG(t)); µi: maximum absolute growth rate or slope of the tangent at the inflection point; T i : time at an inflection T λ : lag time or delay in the onset of germination; e: base of natural logarithms; m1-m6: models 1-6.
is fitted must cover the entire range for which the model applies or else the nonlinear least-squares estimators will be poor and nonlinear (Ratkowsky, 1993) . Therefore, the epicotyl emergence growth curves were separately determined for the P0, P3, and P4 variants of the KROT and STRZE populations. However, the "cold" variants were presented descriptively. The growth curves for models 1-6 and metrics for nonlinear model parameters behaviour were obtained using the NLIN procedure of SAS/ STAT ® v. 14.3 (SAS Institute Inc., 2017).
Number of days to epicotyl emergence (DEE)
The number of days to epicotyl emergence (DEE) is a counted variable and can, therefore, be modelled by the Poisson distribution. To test the effects of population and variants on DEE, a generalised linear model (GzLM) was used:
where g(DEE ij ) is a log link function, DEE ij is the expected mean of number of days to epicotyl emergence for the i-th population in the j-th variant, Population i is the main effect of the i-th population, Variant j is the main effect of the j-th variant and Population i × Variant j is the interaction effect. The significance of the model effects was evaluated by the Wald χ 2 test for a type 3 analysis. For significant model effects, pairwise comparisons were made between leastsquare means with Tukey's post-hoc test and the Tukey-Kramer correction for unequal sample sizes. All calculations were performed using the GENMOD procedure of SAS/STAT ® v. 14.3 (SAS Institute Inc., 2017).
Cumulative epicotyl emergence (CEE)
Diversity between populations and the effects of the variants on CEE (dichotomous variable: 1-epicotyl appeared; 0-no epicotyl) were tested with two generalised linear models. In the first model, all variants were considered and a GzLM was used:
where g(CEE ij ) is the logit link function and CEE ij is the expected mean of emerged epicotyls for the i-th population in the j-th variant. Definitions for all other terms are the same as those for model 7. The interaction effect was omitted in model 8 due to the lack of convergence in the full model. One possible reason was zero epicotyl emergence in P1 for KROT. Variants 0, 3 and 4 were also analysed according to the full GzLM model (m9), which did consider the interaction effect.
The significance of the model effects and pairwise comparisons was determined according to the methods described in Subsection Number of days to epicotyl emergence (DEE). All calculations were performed using the GENMOD procedure of SAS/ STAT ® v. 14.3 (SAS Institute Inc., 2017).
Results
"Cold" variants
For the variant P1 (cold-dry), the cumulative epicotyl emergence reached its maximum of 28.6% after 68 days with acorns from STRZE. Moreover, it did not change until the end of the experiment (Fig. 1) . The first epicotyls appeared during the first phase of Fig. 1 . Epicotyl emergence in variants P1 (cold-dry) and P2 (cold-wet) of the STRZE (grey full and empty circles) and KROT (black full and empty circles) populations the experiment (after 28 days -1.8%) when the temperature (T) was 4.5 °C and the "precipitation" (P) was 5 mL 24 h −1 per pot. However, most of the epicotyls appeared after 41 days (T = 9 °C; P = 8 mL 24 h −1 per pot). No epicotyls emerged from the KROT acorns under these conditions (Fig. 1) . For the variant P2 (cold-wet), epicotyls emerged from both the KROT and STRZE acorns. Epicotyls appeared in both populations simultaneously (15 days after the start of the experiment). Nevertheless, 7.1% of the STRZE population showed epicotyl emergence, whereas only 1.6% of the KROT acorns presented with epicotyls. After 41 days (second stage of the experiment), 14.3% of the STRZE acorns had developed epicotyls as opposed to only 5% of the KROT acorns. At the end of the experiment (after 74 days), total epicotyl emergence was higher in the STRZE than the KROT acorns (25.0% and 13.3%, respectively).
Growth models-goodness of fit
The Table 3 presents the Akaike (corrected due to number of model parameters -AIC C , Burnham & Anderson, 2002) and Bayesian BIC (Schwarz, 1978) information criteria calculated for all growth models of the populations and variants in the present study. Both information criteria clearly indicated the logistic model for P0 and P3 of KROT and P4 of STRZE and the Richards model for P0 and P3 of STRZE. For the P4 of KROT, the smallest BIC was for the logistics model and the smallest AIC C for the Richards model. In this case, the choice of the model was made based not only on information criteria, but also on the linearity measures of the model parameter estimates. For the Richards model, Hougaard's skewness for parameter d estimator exceeded 0.4 (d = 0.43, data not shown) which indicates 'moderate' nonlinearity. Moreover, the approximate 95% confidence interval for parameter d includes d =1 (Table 4) , which means that the Richards model can be simplified to the logistic model. For the logistic model, the Hougaard's skewness for the parameter µ i slightly exceeded 0.16, which even under the more rigorous conditions than those given by Ratkowsky (1983) , proposed by Haines at al. (2004) indicated "close-to-linear" behaviour. For all models and datasets, the acceptance level was P < 0.001(results not shown).
To assess the parameters estimation efficiency for each model chosen according to the AIC C and BIC values, Hougaard's measure of skewness h, and Box's measure of bias b were determined separately for each model (Table 4) . For almost all parameters of the models tested, |h| ≤ 0.25. Therefore, according to the rule proposed by Ratkowsky (1983) these parameters exhibited "close-to-linear" behaviour. Haines et al. (2004) suggested very rigorous amendment Ratkowsky's rule-of-thumb that the parameter estimate is reasonably close-to-linear if the absolute value of h does not exceed 0.15. In the recent time Ratkowsky (2017) proposed a compromise cut-off criterion, where the absolute value of the skewness measure |h| ≤ 0.2 indicates "good" behaviour, 0.2 < |h| ≤ 0.5 indicates "moderate" nonlinearity and |h| > 0.5 indicates "bad", that is, far-from-linear behaviour. Applying this compromise rule, three parameters of the models presented in Table 4 indicated "moderate" nonlinearity, while the other parameters indicated "good", that is, linear behaviour.
Box's bias for the close-to-linear parameter estimator should not exceed 1% (Ratkowsky, 1983 ). Box's bias values slightly exceeding 1 were found for parameter d in the Richards models of STRZE P0 and STRZE P3. For all other parameters, b was <1%, which indicated that they had "close-to-linear" behaviour (Table 4) .
Rate of epicotyl emergence (maximum absolute growth rate; lag time; T 50 )
The maximum absolute growth rate of epicotyl emergence (µ i ) for the variant P0 (control) did not differ among populations (µ i = 4%) (Table 4 ; Fig.  2a) . However, the population did differ in terms of the time at which µ i was achieved (T i ). Acorns from STRZE reached µ i after T i = 34.7 days followed by KROT after T i =46.5 days. The difference in time of onset of intensive epicotyl emergence (lag time, T λ ) in the control variant was ~10 days (STRZE T λ = 25.9 days; KROT T λ = 35.7 days). The maximum absolute growth rate of epicotyl emergence did not different among populations (µ i = 6%) for the variants P3 (warm-dry) and P4 (warm-wet) but was attained sooner in them than the control variant (P0) ( Table  4 ; Fig. 2a-c) . For the KROT acorns, the time required to reach the maximum absolute growth rate of epicotyl emergence differed by 11.4 days (P0 vs. P3) and 15 days (P0 vs. P4). The difference between P3 and P4 was only 3.6 days. KROT and STRZE acorns in the variant P3 needed 35.1 and 32.2 days, respectively, to achieve µ i . For the variant P4, the acorns achieved µ i earlier than those for P3. Epicotyl emergence occurred ~4 days earlier in STRZE (T i = 27.3 days) than in KROT (T i = 31.5 days). The KROT acorn lag time was shorter for variants P3 and P4 (T λ = 27.9 days and T λ = 24.2 days, respectively) than P0 (T λ = 35.7 days). The differences in KROT acorn epicotyl emergence lag time between the control and the other variants were 7.8 days (P0 vs. P3) and 11.5 days (P0 vs. P4). For the STRZE acorns, the lag time was shorter for P3 and P4 (T λ = 23.8 days and T λ = 19.0 days, respectively). STRZE acorns also had a shorter lag time for all variants than those from KROT (P0 vs. P3, 2.1 days; P0 vs. P4, 7 days). The time until 50% epicotyl emergence (T 50 ) was determined from the best-fit growth functions (Table 4). For the variant P0 of the STRZE acorns, T 50 was observed 10.5 days earlier than it was for the KROT acorns (36.0 days and 46.5 days, respectively). The differences between populations were relatively smaller for the warmer variants P3 and P4 (3.8 days and 4.3 days, respectively) but the differences between variants within the same population were highly distinct. KROT acorns in the warm and dry variant (P3) reached T 50 11.4 days earlier than the control (35.1 days). For the warm and wet variant (P4), T 50 arrived 15 days earlier than the control (31.6 days). For the STRZE acorns, these differences were comparatively smaller (P3 vs. P0: 4.7 days ; P4 vs. P0: 8.7 days).
Number of days to epicotyl emergence (DEE)
Model 7 was used to assess the effects of population, variants and their interaction on the number of days to epicotyl emergence, DEE. All effects were significant (Table 5) .
For the STRZE population, the mean number of days needed for epicotyl emergence (DEE) < that for the KROT population (Table 6 ). This relationship was confirmed for the P0 (control), P3 and P4 variants in both populations. For the "cold" variants (P1 and P2); however, these differences were not confirmed. Considering the total mean for all variants (last column of Table 6 ), P4 had the lowest DEE followed by P3 and P0. Regarding DDE, P1 and P2 variants did not significantly differ. For DEE of the "warm" variants (P3 and P4), no significant differences were observed within the KROT population.
Cumulative epicotyl emergence (CEE)
After 74 days, total epicotyl emergence was >90% for the P0, P3, and P4 variants. For the variants P1 and P2, however, <30% of the epicotyls had emerged. According to model 8, significant differences were found among the populations and variants in terms of epicotyl emergence ( Table 7 ). The cumulative epicotyl emergence CEE for the STRZE population was significantly higher (80%) than that for the KROT population (64%). Two homogeneous groups were identified. One consisted of both "cold" variants (P1 and P2) and the other comprised the "warm" variants (P3 and P4) and the control (P0). The results confirmed that the analysis accounted only for the warm variants and the control. For model 9, (Table  7) , no significant differences were detected among populations, variants or their interactions.
Discussion
The application of Richards family growth curves to analyse epicotyl emergence dynamics is very useful for three reasons. First, the parameters of the logistic, Gompertz and Richards models (models m1-m6; Table 2 ), namely, µi, T i , T λ, and A, explained the maximum absolute growth rate, time at inflection, lag time, and cumulative epicotyl emergence, respectively. This method facilitated direct interpretation of all model parameters (Tjørve & Tjørve, 2010 , 2017b Vrána et al., 2019; Ukalska & Jastrzębowski, 2019) . T 50 could be determined according to the estimated parameters of the models m1-m6 (Table 2) . Second, when analysing dataset using parametrisations, taking in to account the same parameters from various Richards family growth models we have opportunity to compare the results directly across all models (Tjørve & Tjørve, 2010 , 2017b Vrána et al., 2019) . Third, use of growth model parametrisation describing the properties of the phenomena enables the calculation of approximated standard errors and confidence intervals for the estimated parameters directly from the model (Zwietering et al., 1990; Ukalska & Jastrzębowski, 2019) . However, even a model containing biologically meaningful but biased, "far-to-linear" parameter estimators has no practical value (Ratkowsky, 1993) . Therefore, it is necessary to fit more than one growth model to the dataset being analysed to choose the best model (Tjørve & Tjørve, 2017b) . This objective can be accomplished by using U-Richards family models. Temperate deciduous forests have wide temperature ranges at which seeds germinate (from 5/1 °C for Sorbus aucuparia to 32/24 °C for Liquidambar styraciflua). Under laboratory conditions, Q. robur acorns usually germinate to a high percentage at 20 °C (Suszka, 2006) . Certain postharvest acorns germinate better at lower temperatures (16 °C), which suggests the presence of a specific inhibitory factor, which disappears after several months of storage at −1 °C. Expansion of the range of temperatures that aid germination is dormancy breakage (Suszka et al., 1996) . For certain species, cold stratification may lower the minimum germination temperature. For instance, it reduces the seed germination temperatures for Betula populifolia seeds from 32 °C to 15 °C (Joseph, 1929) and Alnus glutinosa seeds from 18 °C to 7 °C (McVean, 1955) . Cold stratification also may change the germination light requirement (Baskin & Baskin, 2001 ). Different temperature ranges initiate radicle and epicotyl growth. The radicle starts to develop at 5 °C, whereas a temperature of ≥10 °C is necessary for the epicotyl to start emerging (Suszka et al., 1996) .
Quercus robur seeds are recalcitrant; they die if their moisture content drops below a critical level (40-45%). According to Suszka (2006) , acorn embryos with the highest germination capacity and development have an average moisture level of 43%. If the moisture content falls to <40%, the acorns gradually lose their ability to germinate. At moisture levels <22%, the germination rate in white oaks is only 6.0% and the epicotyl emergence rate is only 3.0%. Therefore, soil moisture levels are critical in determining seed germination. Acorns must be protected from desiccation, low temperatures and predation by insects, rodents and other animals in order to survive the winter. As acorns tend to fall in the autumn before or during leaf fall, they are usually protected from desiccation and freezing. Thick snow cover during the winter also protects acorns (Johnson et al., 2009) .
According to KLIMADA, a climate change adaptation project (Polish National Strategy for Adaptation to Climate Change, 2013), winter temperatures expected for 2021-2050 are projected to rise by 2.5 °C and 4.5 °C between 2071 and 2100, especially in the northeastern part of Poland. This anticipated increase in winter temperature may occur globally and is projected to rise from 1.5 °C (2021-2050) to 3.5 °C (2071-2100).
The interruption of epicotyl dormancy of the continental oak population (STRZE) at lower temperatures is an example of natural selection. This process separates varieties and maintain evolutionary distance even among varieties which do not directly influence each other and never competed. Under conditions optimal for epicotyl growth, both populations rapidly develop epicotyls and present with high percentages of total epicotyl emergence. The continental population has a slight advantage over the oceanic population. When both populations grow close to each other and are under the same environmental conditions, they will probably respond to climate change in a similar manner. This situation may change when epicotyl dormancy is broken under inappropriate conditions such as cold-dry or cold-wet. According to the results of the present study, there are two different climatic varieties of Q. robur in Poland.
Adaptation of the epicotyl growth of the continental population (STRZE) to nonoptimal climate conditions and predominance of this variety under optimal conditions indicate that it has an evolutionary advantage over the oceanic KROT population. STRZE oaks can break acorn epicotyl dormancy under a wide range of environmental conditions. Therefore, they can occupy both their own ecological niche as well as that of KROT oaks.
Notably, continental STRZE oak acorn epicotyls emerge and develop under conditions optimal both for continental and oceanic populations. The relative lack of natural regeneration in the KROT oak has been observed for many years (Nowakowska et al., 2007) ; however, the mechanisms are poorly understood. Causative factors may include episodic drought, low groundwater levels, and thick litter layers (Filipiak & Zaradny, 1991; Oszako, 2007) . The findings of the present study suggest that low air (or soil) temperature during epicotyl emergence may be another explanatory factor. Under this condition, epicotyl dormancy is not broken and the acorns are susceptible to desiccation and rodent predation. This hypothesis requires further investigation.
In natural environments, epicotyl dormancy in Q. robur delays its development until conditions are favourable for seedling establishment. The optimal temperatures and durations for cold stratifaction in acorns are unknown. It is only known that the epicotyl requires cold exposure (winter) before springtime emergence whereas acorns sown in the spring develop normal seedlings after overwintering. Under controlled conditions, Q. robur acorns harvested in autumn can germinate and their epicotyls will emerge without winter chilling (unpublished data).
Global warming may shift the phenological requirement of germination for cold stratification (Walck et al., 2011) . Seedling emergence will be delayed if the current cold stratification period satisfies the minimum requirement. On the other hand, if the current stratification period exceeds the required minimum, epicotyl emergence will start relatively early. The effects of global warming on stratification may vary among species dependent on the ranges of temperature and moisture level which may result in dormancy loss (Walck et al., 2011 ). The present study shows that intraspecies diversity may also occur. Elucidation of oak seedling development may help determine seed transfer directions and limits. Moreover, consideration of the ecological requirements of seeds may also improve the success of natural regeneration.
Our results suggest that Q. robur progeny are well-adapted to current local climatic conditions and are also adapted to a wide range of minimum temperatures required to break epicotyl dormancy. This adaptability is especially evident in the population originating from eastern Poland and under the influence of a continental climate. STRZE acorns may benefit from warming if winter temperatures exceed the minimum required for epicotyl emergence. Their reaction threshold is much lower than that of the acorns from KROT (oceanic climate). Therefore, epicotyl emergence can start earlier and faster in STRZE acorns. In view of climate change, it is important to select the appropriate seed sources for long-lived species such as oaks. These progeny must be well-suited to future environmental conditions and amenable to seed transfer. Our results suggest also that all analysed models are useful for study about germination of seed, in the case of dormant seed especially. Based on the data presented in this study, we believe that the considered growth models from the Richards family are a useful tool for studying the dynamics of not only the epicotyl emergence of oak, but can be successfully used to study the germination dynamics of other forest tree species (deciduous and coniferous). We intend to using this approach in our next studies about germination behaviour of seed.
